Introduction
Ureases are metalloproteins responsible for the one step hydrolysis of urea into ammonia and carbamate [1] , the later then rapidly and spontaneously decomposes to form carbon dioxide and a second molecule of ammonia [2] . Plant ureases hold a special place in science history, participating on some important landmarks of biochemistry. For instance, it was by the analysis of Canavalia ensiformis urease crystals that the proteinaceous nature of enzymes could be demonstrated [3] , rendering a Chemistry Nobel Prize to James Sumner in 1946. Also by the studies carried out with the same protein it was obtained the first proof that Ni 2+ actually exerts a biological role in living organisms [4] . Ureases usually present two Ni 2+ in their active site, with a few exceptions reported [5, 6] . However, all this was only possible after Takeuchi's observation that the crude extracts of soybean (Glycine max) seeds present high amounts of urease [7] . In those days, urease had been observed only in microorganisms and in algae, being Takeuchi's finding the first evidence of the presence of ureases in higher plants. The importance of this discovery relays on the fact that it made urease largely available for any researcher on the globe, and many more works on ureases followed, utilizing the soybean seed urease with the objective of understanding enzyme functioning. Soybean urease was also one of the key players on the development of enzymology, with studies on this enzyme leading to hypothesis that were essential to confirm the observations of Michaelis and Menten on the rate of reaction of enzymes and substrates [8] .
From those first studies more than one century ago until today, soybean ureases continued to be the focus of researchers around the world, in the fields of genetic, biochemistry and physiology. This review will deal with the many faces of these proteins, trying to summarize the great amount of information gathered over time, and to point the many doors that continue to be opened by the studies with this enzyme. ubiquitous soybean urease (herein referred as ub-SBU) while the seed isoenzyme would later be denominated embryo-specific urease (herein referred as es-SBU) [19] .
The data gathered in these studies set ground for investigations in different fields and to the growing understanding of ureases, mainly in genetics, in the search for definitive answers regarding the diversity of this enzyme.
The discovery of soybean urease genes
Buttery and Buzzell [14] can be considered the pioneers on genetic studies involving soybean urease. In their work they identified in the soybean seed two variants of urease showing distinct electrophoretical mobility, which they assigned as fast-and slow-moving forms. These forms were later on characterized as the trimeric and hexameric forms of es-SBU, respectively [15, 19] . In their study, Buttery and Buzzell found the slow-moving form to be recessive, while the fast-moving form was considered dominant, and they concluded that a single locus (named Eu, after enzyme urease) controlled the expression of these electrophoreticaly variant forms. Many years later, Kloth and Hymowitz [20] advanced the investigation on the two multimeric forms and, by performing a series of crosses between urease null and wild type soybeans, proposed the existence of two codominant alleles, named Eu1-a, for the hexamer and Eu1-b, for the trimer. The Eu1 gene, which encodes the es-SBU, was the first urease related gene described for a plant.
Probably the biggest milestone on soybean urease genetics research was the identification of null variants of es-SBU. First obtained by Polacco and co-workers [16] , the variety Itachi was found to lack both the es-SBU protein [21] and mRNA [22] . Later on, four more mutants were identified [23] , two lacking detectable amounts of es-SBU mRNA, and two producing very low protein levels. One of these later mutants produced a much altered protein. All those mutants were related to the locus Sun (for soybean urease null), and the Sun allele (normal es-SBU) was dominant over the sun allele (null es-SBU activity) [23] [24] [25] . The fact that allelic sun mutations affected urease transcript as well as es-SBU structure led to the conclusion that Sun and Eu1 describe the same locus, and that the Eu1-Sun is the single functional es-SBU structural locus. Thus any mutant defective only on es-SBU is considered a Eu1 or class I mutant. [25] . A genomic clone for urease was recovered from a soybean library and it was shown that this urease coding sequence was absent from seed urease-null mutants [22] . This would be confirmed as the first partial sequence obtained for the es-SBU years later.
Mutations obtained from ethyl methyl sulfonate treatment of soybean seeds [23] revealed a new class of mutants. Class II mutants produce normal levels of es-SBU and ub-SBU mRNA and protein, however their enzymatic activity is completely absent [23, 26] . Mutants of this class carry damage in one or both loci Eu2 and Eu3, which are unlinked to each other or to Eu1. Studies on the urease profile during soybean development have shown that maximal synthesis of es-SBU in the developing cotyledon lags the maximal urease activity, suggesting a very slow maturation process of the enzyme in vivo. The facts that es-SBU is a Ni 2+ containing enzyme [15] tivity [27, 28] but not for urease synthesis [18, 21] are compatible with the assumption that Ni 2+ emplacement into the active site could be a limiting process for urease activation. Holland and Polacco [29] have shown that class II mutants present normal Ni 2+ uptake and translocation, thus eliminating the possibility that lack of access to Ni 2+ was the reason for the absence of activity of both ureases. These observations pointed to Eu2 and Eu3 having a direct role on enzyme maturation probably by codifying proteins responsible for the Ni 2+ emplacement, and that they are common for both es-SBU and ub-SBU [30] . As discussed later, Eu2 and Eu3 were found to encode two different urease accessory proteins, involved in the enzyme maturation process.
After those findings, the remaining question was: is ub-SBU codified by a single gene or are there many tissue specific ureases? This question was clarified when mutants were obtained that presented normal levels of es-SBU activity, but no ub-SBU activity in any tissue. Those mutants were classified as class III mutants. Crosses between Class I and Class III mutants are devoid of ub-SBU even in embryonic tissues. The presence of the protein was detected in all tested tissues of class III mutants despite the lack of urease activity, showing that the lesions affected directly the structural gene of ub-SBU resulting in the production of an inactive protein [26] . The lesions causing this effect were attributed to a new locus named Eu4 [26, [31] [32] [33] . This finding demonstrated that the ub-SBU was actually a single protein synthesized in all tissues, and confirmed the existence of two genetic isoforms of soybean urease. A final blow on this question came when Goldraij and co-workers [34] finally obtained and sequenced the cDNA of both isoforms showing that they are very similar, sharing 87% of identity and 92% of similarity.
The genomic era brought with it the last pieces of the puzzle. The sequencing of the soybean genome [35] confirmed the presence of the two previously described genes of urease, and also revealed a third one (Glyma08g10850), which is believed to be inactive due to a high number of deleterious mutations. Nevertheless, a residual activity was observed in double mutants, lacking both es-SBU and ub-SBU, and accounted for 2 to 10% of activity compared to the wild ub-SBU activity. This activity was designated as "background" and it was attributed to microbial commensals in soybean tissues [26, 31, 36] . Alternatively, complementation between the defective Eu4 gene and this third urease-like gene may cause the residual activity [37] . The genome sequencing also brought light over the urease accessory proteins. A single gene for UreG, two for UreF and two for UreD were identified in the soybean genome. The biosynthesis of metalloenzymes usually depends on the participation of several dedicated proteins that are essential for the correct assembly of their active sites, and ureases are no exception. The role of these accessory proteins consist on the stabilization of the apoenzyme in a certain conformation that allows the correct insertion of the metal ion in the active site, dissociating afterwards and releasing the mature enzyme [42] . This process has been fairly studied for bacterial ureases, but the activation of plant ureases still demands more attention. Thus it is described here based mostly on what is known for bacterial ureases.
The activation of ureases require two essential steps: the carbamylation of a lysine residue, that will be responsible for bridging and, consequently, holding the two Ni 2+ ions into place within the active site; and the actual incorporation of the two Ni 2+ ions in the active site. The best characterized system so far is that of Klebsiella aerogenes urease, for which four accessory proteins, namely UreD, UreE, UreF and UreG, are required for complete activation [2] . Although many efforts have been put on characterizing these proteins, the precise role of each one in the complex process of urease activation is still not clearly understood. These proteins appear to be well conserved among urease producing bacterial organisms and even for higher organisms as plants. In K. aerogenes, the accessory proteins bind consecutively to the apourease (apU) forming the following complexes: apU-UreD, apU-UreDF, apU-UreDFG [2, 43] . UreE, a Ni 2+ binding protein, is the last accessory protein proposed to bind to the complex apU-UreDFG and deliver the metal to the enzyme active site [44] . The process of urease activation requires the hydrolysis of GTP by UreG, after which the accessory proteins dissociate from the active enzyme. A preformed UreDFG complex could be isolated from bacteria lacking UreE [45] . If the accessory proteins act on apU as a preformed complex or in a sequential binding fashion, is a matter that demands further investigation. However, the sequential binding model is to date the most accepted and the one supported by most evidence.
Although the exact role of each accessory protein has not been clearly assigned, some general lines can be traced for their individual actions. The current sequential model assumes that UreD is the first accessory protein to interact with urease. UreD is yet the least characterized protein and it seems to serve as an adapter for the other accessory proteins since neither UreF or UreG are able to bind urease directly in the absence of UreD [2] . UreF interacts directly with UreD and it has been proposed that UreF would be responsible for promoting a conformational change in apU, providing better access to the active site of the protein and allowing the next steps of the process to take place [46] . Recently, a structural model of UreF has indicated that this protein shares structural similarities to some GTP activating proteins (GAP) [47] . UreG is an intrinsically disordered GTPase, as reported for organisms such as Helicobacter pylori, Bacillus pasteurii, Micobacterium tuberculosis and also Glycine max [48] [49] [50] [51] [52] [53] . UreG binds to UreF and, through the cleavage of GTP, provides the necessary energy for the activation process. It is also postulated that GTP cleavage in the presence of CO 2 could form carboxyphosphate, an excellent carbamylation agent [46, 54] . UreG GTPase activity, when detectable, seems to be very low in comparison to other GTPases. It has been proposed [46] that the intrinsically disordered structure of this enzyme serves as a regulatory mechanism of its activity, which would be only maximized when, inserted in the activating complex, it acquires its fully folded state. It is also hypothesized that UreF would act on UreG as a GAP, enhancing its enzymatic activity, although, this hypothesis still waits to be tested.
Available sequences of bacterial urease accessory proteins led to the search of potential orthologs in plants, and the identification of UreG (Eu3) in soybean. This was the first evidence of accessory proteins in plants [41] . Soybean cDNAs for UreD and UreF proteins were also identified later [39] , but none of them were assigned as the Eu2 gene. To date, no UreE equivalent in plants has been identified and sequence analyses supports the hypothesis that its functionality is incorporated into UreG which, in plants but not in bacteria, presents an extended N-terminal rich in aspartic acid and histidine residues. The property of soybean UreG to bind metal ions has been demonstrated [41, 53] . A study in A. thaliana [55] has shown that UreD, UreF and UreG are necessary and sufficient to activate urease, since knockout plants for any of the accessory proteins genes lack urease activity. They also showed that simultaneous co-expression of all accessory proteins together with A. thaliana urease structural gene was able to generate urease activity on Escherichia coli cells. Also the Oriza sativa urease could only be activated when all of its three accessory proteins were cotransformed in tobacco [56] .
With the exception of dimeric ureases described for some plants, such as canatoxin from C. ensiformis [5] , and the ureases from Morus alba [57] and Momordica charantia [58] , all reported ureases share a basic trimeric state that may aggregate to form larger oligomers, as hexamers in the case of most plant ureases, in which each monomer carries one active site. For bac-teria, each unit of this trimer is usually itself a heterotrimer composed by the subunits UreA, UreB and UreC which co-align with plant ureases with over 50% identity. Thus the single type polypeptide chain of plant ureases corresponds to the collinear fusion of the bacterial subunits (UreA-UreB-UreC). It is curious to notice that despite the high similarity between plant and bacterial ureases, some of the accessory proteins do not share the same degree of sequence identity. Plant and bacterial UreG are very similar, with about 40% of sequence identity, but plant UreD and UreF share only about 20% of sequence identity with their bacterial counterparts [56] . Considering this discrepancy, a recent work using in silico structure prediction tools, has shown that despite the sequence disparities, UreF proteins are very conserved at the structural level [56] . Plant UreD, although sharing some structural similarities, possess some marked differences when compared to their bacterial counterparts. This different overall structure of plant and bacterial UreD is hypothesized to reflect distinct requirements for interaction with the bacterial heterotrimeric or the plant single polypeptide urease unit [56] .
Despite the fact that the presence of the set of accessory proteins is enough to get ureases activated, there seems to be more to it concerning regulation. In bacteria, UreF and UreD are expressed in very low levels, and it has been shown that over expression of these proteins can hamper urease activation [59, 60] . It has been proposed that differential splicing generating aberrant mRNA could reduce UreD production in plants [55] . Cao and co-workers [56] reported for ureF an intron in the 5'leader conserved among 16 plant genomes and they noticed that in almost every case the spliced transcript would be free of AUG codons upstream of the start codon. Special attention was given to the two ureF genes from soybean which, although both are spliced at the 5' leader, only the paralog in chromosome 2 (Glyma02g44440) has all the nonstart AUG codons removed. The transcript of the paralog from chromosome 14 (Glyma14g04380) has an out of frame AUG codon upstream of the start codon and therefore was postulated to be ineffectively translated and consequently non functional. In the same work, a low splicing efficiency of AtureF was observed, which led to the conclusion that for some plants the 5' leader sequence may have a regulatory role in reducing the amount of ureF mRNA either by differential splicing (Arabidopsis) or translational inhibition (soybean). Limited expression may be required to ensure that UreF and UreD dissociate from urease after activation to release the active enzyme and that the putative GTPase activating protein UreF does not trigger UreG activity in the absence of urease [56] . Both UreD and UreF have been observed to be very unstable proteins either in plants [56] or bacteria [59] , and this intrinsic instability possibly contributes to the regulation of their activities in vivo [56] .
As mentioned above, soybean genome contains two UreF genes. The one in chromosome 14 UreF (Ch14UreF) has previously been characterized and demonstrated to activate the urease from S. pombe [39] , but the UreF encoded by chromosome 2 (Ch02UreF) remains to be characterized. Until recently, the product of Eu2 gene was not identified, and it had been proposed that Eu2 could represent the functional paralog of UreD or UreF. Analysis of soybean Eu2 mutants revealed that missense mutations resulted in the expression of an altered form of Ch02UreF protein [40] . Interestingly, these mutants presented no urease activity, even though the Ch14UreF is present and is supposed to activate urease. Another mutant, in which the expression of Ch02UreF was impaired, presented 5-10 % of the wild type urease activity. The authors presented two possible explanations for the results. The first one considered that Ch02UreF could spoil activation by Ch14UreF because of a higher affinity for the activation complex. The second explanation, favoured in their work, proposed that Ch02UreF is more abundant than Ch14UreF, which would be less efficiently translated. Therefore, in Eu2 mutants, the missense mutants of Ch02UreF block the access of Ch14UreF to the urease activation complex, preventing activation [40] .
As pointed out here, although accessory proteins differ widely according to their source, the process of urease activation seems to be very well conserved. Among plants, the urease activation complex seems to be structurally very similar, since accessory proteins from different plants are able to functionally complement each other. Rice urease, for instance, can be activated by Arabidopsis bulk of accessory proteins, and UreD and UreG from rice can replace the native accessory protein in mutants of Arabidopsis [56] . The similarities of the activation process seem also to break the kingdom barrier. Soybean UreF has been shown to complement the Saccharomyces pombe accessory set [39] , and UreG from potato (Solanum tuberosum) complements the K. aerogenes operon [61] .
The Physiological Role of Soybean Ureases
After carbon, nitrogen is the main limiting element for plant performance [62] , and there is a constant pressure on plants for efficient use of N leading to the development of efficient mechanisms for N uptake and metabolic pathways for N remobilization [37, 56] . Such a pressure even led to a reduction of N content of plant proteins [63] . Urea is an important primary source of N for plants. The action of arginase is the only confirmed pathway for urea generation in vivo; urea could also be generated by the degradation of purines and ureides [64] , although this later pathway is very controversial. Urea can only be assimilated after its hydrolysis into ammonia and carbon dioxide by urease [65] , and that is the main physiological role attributed to ureases in plants [37] . Ammonia will then be re-assimilated by glutamine synthetase using glutamate as substrate [66] . Urease activity is present virtually in all plant species and is ubiquitously distributed in all plant tissues [18, 31, 67] , which is indicative of the great importance of its physiological role for the whole plant. For a long time, the relevance of plant urease-mediated metabolism of urea was considered not significant, since it was assumed that urea was hardly taken up by the plants, but instead degraded by microorganisms in the soil and then the ammonia and nitrate were absorbed. Today, it is well known that plants can actively import urea from the soil, through the activity of dedicated urea transporters [68] and can also efficiently process soil-imported urea, even at high concentrations. These findings point at urease as a target for studies on improving plant N metabolism based on urea, the most used N fertilizer in the world [69] .
Soybean makes a very interesting model for studies on the physiological role of urease in plants, since it is so far the only genome-sequenced plant that presents more than one isoform of the enzyme. ub-SBU has long been known to be the isoform responsible for recycling all metabolically derived urea [19, 70, 71] . This has been demonstrated since mutants lacking es-SBU do not accumulate urea in any tissue and do not have any impairment on the use of urea as sole nitrogen source, even though ub-SBU is present at levels only 0.1 to 0.3% that of es-SBU [19, 72] . Soybean mutants lacking ub-SBU activity present a characteristic phenotype consisting of necrosis of leaf tips, due to urea "burn", and accumulation of urea in many tissues [32, 36] . Urease is the only Ni
2+
dependent enzyme yet identified in plants and the same phenotype, early mentioned, is observed for plants grown under Ni 2+ deprivation [27] .
Interestingly, no physiological role, being it assimilatory or of any other nature, could be demonstrated for the very abundant es-SBU. In fact, wild-type cultured cotyledons could not grow in the presence of urea, due to a sudden pH increase resultant of an uncontrolled ammonia release. The same effect was not observed for mutants that have only ub-SBU [36] . It was inferred that es-SBU could be involved in plant defense against predators. A chemical protection was postulated for the case of microbial or insect attack. By this model, wounding or infection of the immature embryo would lead to arginase release from ruptured mitochondria which would generate urea from the large pool of arginine and cytoplasmic urease would rapidly convert urea to ammonia [32] . This hypothesis still waits demonstration, but it has been reported that mutants lacking urease activity were more susceptible to microbial infections [73] . As it will be discussed in the next section, es-SBU can be involved in plant defense not only by conferring chemical protection, but also ureolysis-independent mechanisms, including the generation of toxic peptides. On the other hand, it is tempting to propose that the third urease found in the soybean genome (Glyma08g10850), that apparently has no enzymatic activity, can also be involved in other physiological roles in the plant, such as plant defense, and some indications of that have already been reported (see the next section).
New features of an old protein -activities unrelated to the enzymatic one
As stated above, no definite answer to the question of the physiological relevance of es-SBU has been given, since the demonstration that this enzyme plays no role in nitrogen assimilation from urea [32, 65, 73] . During the course of the last decade, a number of biological properties unrelated to the enzymatic activity were described for plant ureases, launching a new look over these proteins and their physiological roles. Table 2 summarizes some of these overlooked biological activities of plant ureases. The main discoveries were made for the jackbean ureases (CNTX and JBU), revealing several interesting properties, such as entomotoxicity [74] [75] [76] [77] , fungitoxicity [78, 79] and secretory activity [5, 80] .
Some of the biological properties described for jackbean's ureases, such as the entomotoxic and fungitoxic activities, are shared by soybean urease. es-SBU displays toxicity toward insects, as demonstrated by [75] . es-SBU is toxic to Dysdercus peruvianus, a cotton culture pest, at doses as low as 0.05% (w/w), causing a decrease on insect body weight, delayed develop-ment and death. This toxicity was maintained after treating es-SBU with p-hydroxymercuribenzoate (an irreversible urease inhibitor), confirming that the entomotoxic property was independent of the enzymatic activity. For the jackbean ureases, it has been demonstrated that this entomotoxic effect is a highly complex event, involving the intact protein as well as the release of a toxic peptide [82, 89, 90] . Jackbean ureases and their derived peptides affect several physiological processes in the insects, including the fluid transport across membranes [83, 91, 92] . So far, no studies regarding es-SBU mechanism of action in insects were performed, but it reasonable to assume that, due to their very similar sequences (92% of similarity), es-SBU and JBU would have the same targets in these organisms. The sequence of the entomotoxic peptide identified in CNTX and JBU, is present in es-SBU and ub-SBU [90] . These findings also support the hypothesis of a similar mode of action in insects. 
Secretory
Rabbit platelets [85, 86] , rat brain synaptosomes [86] , rat pancreatic cells [87] , rat mast cells [88] Rabbit platelets [5, 75] Rabbit platelets [75] N.D.
Toxicity to mammals 2 mg/kg (LD 50 ) [5] Not toxic [75] Not toxic [75] N.D. Table 2 . Properties of plant ureases unrelated to the enzymatic activity; N.D. = not determined; GHU = Gossypium hirsutum urease
Another very interesting property presented by es-SBU is its fungitoxic activity. es-SBU suppressed mycelial growth and/or inhibited spore germination of a series of fungi species and, as demonstrated for the entomotoxic property, this effect also does not require the protein's ureolytic activity [79] . The precise mechanism of action of ureases on fungi has not been elucidated so far, being proposed that ureases may interfere with the cellular osmotic balance. Recently, evidences of the participation of ub-SBU in soybean resistance to fungi were reported [93] . Soybeans mutants, lacking ub-SBU, were more susceptible to necrotrophic fungi, such as Penicillium herguei, Phomopsis sp and Rhizoctonia solani, and to the biotrophic pathogen Phakopsora pachyrhizi, responsible for the Asian soybean rust disease. In accordance to a defense role of ub-SBU against fungi infection, a rust-resistant soybean cultivar (PI561356) had a higher level of expression of ub-SBU after infection with P. pachyrhizi, in comparison with a susceptible cultivar (Embrapa-48) [93] .
These toxic activities, unrelated to the ureolytic one, are interesting findings that point to a possible role of ureases in plant defense against insects and fungi. However, plant ureases also have others bioactivities, that seem not related to plant physiology. JBU and es-SBU were shown to activate exocytosis in blood platelets causing them to aggregate, an effect shown to be independent of their enzymatic activity [75] . This exocytosis-inducing property may be relevant to some urease-producing microorganisms such as Bacillus pasteurii and Helicobacter pylori [94, 95] but it is unlikely to have a more specific significance for plants.
Nevertheless, Carlini and Polacco [73] hypothesized that the secretion-properties of bacterial and plants ureases may play a role in rhizosphere relationships.
Soybean as animal feed -what urease has got to do with it?
It is estimated that soybean meal accounts for around 67% of all protein sources used in animal feeds around the world [96] , due mainly to its high protein concentration (44 to 48%) [97] . Nevertheless, soybean contains an unusually large number of bioactive compounds with antinutritional and/or toxic properties, which have a negative effect on body metabolism of animals [98] . Urease is one of these factors. Urease content was not evidently different among 11 soybean cultivars tested [99] . In contrast, urease content was found very variable among several other soybean cultivars [100] [101] [102] , and the levels of urease correlated positively with antinutritional effects in rats [101] .
The negative effects of using urease-containing meals as animal feed are reported in the literature. Urea is frequently added to animal feed and, when unprocessed soybeans are mixed with urea, ammonia will be released by the action of urease, which is an undesired effect in a mixed feed [103] . In ruminants, ammonia rapidly enters the blood and can cause adverse affects ranging from depressed feed intake and animal performance, to death from ammonia toxicity [104] . In dairy cows, the liver, responsible for removing potentially toxic ammonia from circulation, was able to remove ammonia added to portal blood until the supply reached 182 mg/min but, at higher infusion rates, peripheral blood ammonia concentrations increased, supporting the assessment that a rapid hydrolysis of dietary urea can exceed the liver's capacity to remove it [105] . In chickens, it was demonstrated that soybean meals from one particular source consistently produced a high incidence of tibial dyschondroplasia (TD) and the most striking difference between the meals was the high antitrypsin and urease values in those that induced the disease [106] . The incidence of TD was demonstrated previously to be increased in broilers when ammonium chloride (1.5 or 30%) was added to the diet [107] , but not when calcium chloride was used [108] . These may be indications that the release of ammonia by urease could play a role in the incidence of TD in soybean meal fed chickens.
In order to allow the addition of supplemental nitrogen to the animal feed, while protecting the animals against the production of toxic levels of ammonia, pre-treatment of the soybean meal is necessary. Heat treatment is the main method used to abolish or decrease the effects of the antinutritional and/or toxic factors in soybean, including urease [109, 110] , but these treatments should be kept to a minimum, due to the possibility of destroying important seed constituents [98] . To abolish urease activity, several treatments are effective, including steam-heating at 102 °C for 40 min or at 120 °C for 7.5 min [109] , boiling at 92 °C for 60 min [101] , and dry-heating at 100 °C and 2 kgf/cm 2 for 60 min [111] . All those treatments abolished urease activity, along with a decrease of several antinutritional factors.
The best way to evaluate the adequacy of the processing and final quality of soybean meals is conducting biological tests. However, the cost, time requirement and complexity of these tests impair their use. Since the 1940's, the urease test is used as an indirect way to evaluate the adequacy of heat processing of soybeans due to its rapidity, low skill and minimum amount of laboratory equipment requirements. One research study [109] showed a high correlation among the activities of trypsin inhibitors, urease and lectins, indicating that the adequacy of soybean processing can be estimated to a considerable extent by these analytical criteria. Over the years, many protocols were developed to facilitate the measurement of urease activity. These protocols quantify the released ammonia directly or indirectly. One of the first to be developed, in the Caskey-Knapp method [112] the meal is incubated with urea in a buffered solution and then phenol red is added. After incubation, insufficiently processed meals will cause an increase in the pH of the solution, indicated by a change in color (from red-orange to pink), while adequately processed meals produce little or no color change. One study [113] proposed an alternative method, with the potential to differentiate between meals with low levels of urease activity, based on the incubation of the meal with urea in a buffered solution and the colorimetric determination of the residual urea with pdimethylaminobenzaldehyde. A method for direct titration of ammonia as a measure of urease activity was proposed [114] and adapted [115] , in which the incubation of urea and the meal is performed, maintaining the pH of the solution by slowly adding HCl. The system is then titrated with NaOH. The difference in titration between a control (urease inactivated) and the sample is taken as the urease activity of the meal. Two other methods were developed to determine ammonia directly, based on the phenol-hypochlorite reaction [116, 117] .
Several modifications and adaptations of these methods were developed during time. But, regardless of the method chosen, urease activity is a very good indicator of under processing of soybean meals. It is worth noting, however, that this activity is not a good indicator of over processing of soybean meals.
The biotechnological potential of soybean ureases
The questions of why are ureases so large, and why are they multimeric have been raised, and a possible explanation is that a "primordial" enzyme could have acquired other "traits" under the evolutionary pressure of competition in an increasingly complex biosphere [73] .
In the view of these "extra traits" discovered for ureases, some biotechnological applications can now be proposed.
Soybean can be attacked by many different organisms, including fungi, insects, virus and nematodes. These pathogens and pests can cause damage in seeds, roots, leaves, stems and pods, and usually are tissue-specific [118] . And, despite control measures, pests reduce worldwide soybean production by almost 28% [119] . The development of new technologies to control these pests is urgent, and exploring natural plant compounds is a major strategy.
Plant ureases and their derived peptides have a great biotechnological potential. Ureases are abundant in many edible sources, including legumes and potatoes, and even eaten raw in cucumbers, or fruits such as melon and watermelon [73] . Thus, possible biosafety issues could be more manageable. Since JBU, es-SBU and the derived peptide Jaburetox seem non toxic to mammals [75, 90] , the entomotoxic and fungitoxic properties of these molecules are relevant when considering biotechnological strategies aiming to protect commercially-relevant crops against natural enemies. The evidences of an in vivo effect of soybean urease in protecting the plant from fungi [93] are exciting. The possibility of selecting soybean cultivars with higher urease content or increasing the production of these proteins in the plant through genetic manipulation, in order to increase the resistance against insects and fungi, is very promising. Also, the premise of using plant naturally occurring proteins to improve resistance seems much more appealing to the general public than the alternative of inserting foreign genes (from microorganisms or animals) into crops.
As pointed out a long time ago [15, 120] , soybeans with a high content of ureases could also be agronomically valuable, regardless of the defense role, for permitting more efficient assimilation of urea fertilizer by the plant. Also, considering the wide use of soybean meal as animal feed (as discussed above) and the potential of being a protein source for humans, a higher urease content in soybean could be interesting for improving soybean nutritional quality, after the appropriated processing, since urease is richer in methionine than many others soybean seed proteins. Soybean has a limited amount of sulfur aminoacids, almost half of which are considered ideal for animal feed. Although this problem can be overcome by feed supplementation with free methionine, there are problems associated with the supplementation, such as leaching of methionine during processing and bacterial degradation leading to formation of undesirable volatile sulfides [121] . Improving the content of methionine in soybean through the increase of the biosynthesis of endogenous proteins, such as ureases, is a very interesting approach.
Conclusion
Soybean ureases were undoubtedly landmarks in science, being the subject of investigations since the beginning of the 1900's. But, despite the more than one century of studies, we still have a long way until fully understanding the complexity of such a striking molecule. The many properties of these proteins revealed that ureases are much more than urea hydrolyzing enzymes, and present a vast array of interesting biotechnological applications. Exploring the toxic properties of plant ureases can be of great interest for the development of alternative strategies to protect agricultural relevant crops against several natural enemies.
